Genome sequences are enabling applications of different approaches to more clearly understand microbial phylogeny and systematics. Two of these approaches involve identification of conserved signature indels (CSIs) and conserved signature proteins (CSPs) that are specific for different lineages. These molecular markers provide novel and more definitive means for demarcation of prokaryotic taxa and for identification of species from these groups. Genome sequences are also enabling determination of phylogenetic relationships among species based upon sequences for multiple proteins. In this work, we have used all of these approaches for studying the phytopathogenic bacteria belonging to the genera Dickeya, Pectobacterium and Brenneria. Members of these genera, which cause numerous diseases in important food crops and ornamental plants, are presently distinguished mainly on the basis of their branching in phylogenetic trees. No biochemical or molecular characteristic is known that is uniquely shared by species from these genera. Hence, detailed studies using the above approaches were carried out on proteins from the genomes of these bacteria to identify molecular markers that are specific for them. In phylogenetic trees based upon concatenated sequences for 23 conserved proteins, members of the genera Dickeya, Pectobacterium and Brenneria formed a strongly supported clade within the other Enterobacteriales. Comparative analysis of protein sequences from the Dickeya, Pectobacterium and Brenneria genomes has identified 10 CSIs and five CSPs that are either uniquely or largely found in all genome-sequenced species from these genera, but not present in any other bacteria in the database. In addition, our analyses have identified 10 CSIs and 17 CSPs that are specifically present in either all or most sequenced Dickeya species/strains, and six CSIs and 19 CSPs that are uniquely found in the sequenced Pectobacterium genomes. Finally, our analysis also identified three CSIs and one CSP that are specifically shared by members of the genera Pectobacterium and Brenneria, but absent in species of the genus Dickeya, indicating that the former two genera shared a common ancestor exclusive of Dickeya. The identified CSIs and CSPs provide novel tools for identification of members of the genera Dickeya and Pectobacterium and for delimiting these taxa in molecular terms. Descriptions of the genera Dickeya and Pectobacterium have been revised to provide information for these molecular markers. Biochemical studies on these CSIs and CSPs, which are specific for these genera, may lead to discovery of novel properties that are unique to these bacteria and which could be targeted to develop antibacterial agents that are specific for these plant-pathogenic bacteria.
INTRODUCTION
Phylogenetic and similarity studies based upon 16S rRNA genes have greatly advanced our understanding of the evolutionary relationships among prokaryotic organisms (Olsen & Woese, 1993; Yarza et al., 2010) . However, one central issue in microbial systematics that remains illdefined concerns the methods used for identification and demarcation of prokaryotic taxa (Ludwig & Klenk, 2005; Stackebrandt, 2006; Oren, 2010) . Except for a limited few, most prokaryotic taxa at different phylogenetic levels are currently identified solely on the basis of their branching in the 16S rRNA (gene) trees. For most taxa, no unique biochemical, molecular or other characteristics are known that are specific for them and could be used to distinguish them from all others. Because the branching pattern of the species in phylogenetic trees is influenced by large numbers of variables, demarcation of prokaryotic taxa based upon 'clustering in phylogenetic trees' is imprecise and constitutes only a 'statistical definition' (Ludwig & Klenk, 2005; Naum et al., 2011) . Additionally, defining prokaryotic taxa based upon their branching in phylogenetic trees provides no indication as to what properties might be commonly shared by different members of a given clade, and it suggests no experimental approaches to discover such characteristics. According to Woese (1998) , a good classification scheme should have the following characteristics: 'A biological classification is in effect an overarching evolutionary theory that guides our thinking and experimentation, ...' Hence, to develop a more complete understanding of microbial phylogeny and systematics, it is necessary to discover other reliable markers or characters for different prokaryotic taxa that can supplement our current understanding of them (Gupta & Griffiths, 2002; Gupta, 2010; Gao & Gupta, 2012a) .
Genome sequences provide a valuable resource for discovery of molecular markers that can be used for reliable classification of prokaryotic taxa and for understanding evolutionary relationships among them (Lerat et al., 2005; Dutilh et al., 2008; Gupta, 2010; Bhandari et al., 2012; Gao & Gupta, 2012a) . Conserved signature indels (CSIs) and conserved signature proteins (CSPs) represent two different types of molecular markers that are of great value in these regards. These markers have been extensively utilized in our work (Gupta, 2010; Bhandari et al., 2012; Gao & Gupta, 2012a ) and some of their important characteristics, which make them particularly useful for classification purposes, will be described later in this work. We report here the application of these markers and phylogenomic approaches for identification and classification of the plant-pathogenic bacteria belonging to the genera Dickeya, Pectobacterium and Brenneria.
Dickeya, Pectobacterium and Brenneria are important genera of plant-pathogenic bacteria belonging to the family Enterobacteriaceae (Hauben et al., 2005; Samson et al., 2005; Ma et al., 2007) . Of these bacteria, members of the genera Pectobacterium and Dickeya are considered broad-host-range, soft-rotting plant pathogens and affect many food crops including potato, tomato, onions, sugar beet, maize, pineapple, banana and sunflower, and many ornamental plants (Hauben et al., 2005; Samson et al., 2005; Charkowski, 2006; Ma et al., 2007; Yishay et al., 2008; Czajkowski et al., 2011; Toth et al., 2011; Costechareyre et al., 2012) . The taxonomy of the phytopathogenic bacteria belonging to the family Enterobacteriaceae has undergone much revision over the years (Hauben et al., 1998 (Hauben et al., , 2005 Samson et al., 2005; Naum et al., 2011; Denman et al., 2012; Bull et al., 2012) . Initially, all Gramnegative, rod-shaped, non-spore-forming and peritrichous-flagellated plant pathogens were part of the genus Erwinia (Winslow et al., 1917) . However, this idea was not supported by later work as diverse pytopathogens were found in Enterobacteriaceae, such as the genus Pantoea, and Enterobacter dissolvens and Brenneria salicis, with varying biovars, morphovars and serovars (Dye, 1968; Brenner et al., 1986; Gavini et al., 1989; Hauben et al., 1998) . The detailed work conducted by Hauben et al. (1998) led to the reclassification of many species from the genus Erwinia (Winslow et al., 1917) to the genus Pectobacterium (Waldee, 1945; Skerman et al., 1980) . This work also suggested division of Pectobacterium carotovorum into five subspecies, three of which were later elevated to species level (Gardan et al., 2003) . Subsequently, Pectobacterium chrysanthemi (formerly Erwinia chrysanthemi) and Brenneria paradisiaca, based upon their distinct branching in the 16S rRNA tree, were transferred to a new genus Dickeya (Samson et al., 2005) , and several additional members of this genus were also identified (Samson et al., 2005; Parkinson et al., 2009; Van Vaerenbergh et al., 2012) . The most recent development in this regard involves the transfer of Brenneria quercina to a new genus Lonsdalea and its division into three subspecies as well as the reclassification of Dickeya dieffenbachiae as Dickeya dadantii subsp. dieffenbachiae .
Earlier phylogenetic studies based on individual gene/ protein sequences indicate that the members of the genera Pectobacterium, Dickeya and Brenneria form a distinct clade within the family Enterobacteriaceae (Hauben et al., 1998 (Hauben et al., , 2005 Spröer et al., 1999; Samson et al., 2005; Ma et al., 2007; Naum et al., 2008 Naum et al., , 2011 Parkinson et al., 2009) . However, the branching order of these genera has been found to be variable in these studies and it is not reliably resolved (Hauben et al., 1998 (Hauben et al., , 2005 Spröer et al., 1999; Brown et al., 2000; Samson et al., 2005; Ma et al., 2007; Young & Park, 2007; Naum et al., 2008 Naum et al., , 2011 .
The members of the above three phytopathogenic genera are currently distinguished from each other as well as other groups of bacteria primarily on the basis of their branching in 16S rRNA trees (Hauben et al., 2005; Samson et al., 2005; Naum et al., 2011) . No molecular or biochemical property is known that is uniquely shared by species from these genera. Because these genera harbour many important plant pathogens, identification of molecular markers that are specific for members of these genera should prove very helpful in their reliable identification and classification. Currently, genome sequences are available for 13 species/strains from these three genera (Table 1) . In addition, draft genome sequences for many Dickeya species/ strains (.25) are also available in a number of databases (NCBI and EzGenome/EzBiocloud). In the present study, we have carried out detailed analysis of protein sequences from these genomes to identify molecular markers (i.e. CSIs and CSPs) that are either specific for members of the genera Dickeya and Pectobacterium or commonly shared by these genera and Brenneria, providing information regarding evolutionary relationships among them. We also describe multiple CSIs and CSPs that are uniquely shared by the members of these three genera defining a distinct clade of phytopathogenic bacteria.
METHODS
Reconstruction of phylogenetic trees. Phylogenetic trees were reconstructed based upon concatenated sequence alignment for 23 housekeeping and ribosomal proteins (namely GroEL, Gyrase A, Gyrase B, IleRS, MetRS, DnaK, EF-G, EF-P, ProRS, RpoA, RpoB, RpoC, SecY, GlyA, LeuRS, SerRS, ValRS, rRNA dimethyladenosine transferase, 30S ribosomal proteins S2, S8 and S9, and 50S ribosomal proteins L4 and L5). These proteins have been extensively used in phylogenetic studies (Ciccarelli et al., 2006; Gupta, 2009; Wu et al., 2009; Gao et al., 2009a; Naushad & Gupta, 2013) . Sequences for these proteins for various Dickeya, Pectobacterium and Brenneria species and different Enterobacteriales were retrieved from the NCBI (http:// www.ncbi.nlm.nih.gov/) and EzGenome/EzBiocloud (EzGenome/ EzBiocloud.net) databases. Multiple sequence alignments for individual proteins were created using CLUSTAL X 2.0 (Larkin et al., 2007) . After concatenation of these alignments into a single file, poorly aligned regions were removed using Gblocks 0.91 b (Castresana, 2000) , leaving a total of 12 986 positions in the final dataset, which was used for reconstructing phylogenetic trees. The maximumlikelihood (ML) and neighbour-joining (NJ) trees based on 100 bootstrap replicates of this alignment were reconstructed using MEGA 5.1 (Tamura et al., 2007) employing the Whelan and Goldman (Whelan & Goldman, 2001 ) and Jones-Taylor-Thornton (Jones et al., 1992) substitution models, respectively.
Identification of CSIs. To identify CSIs that might be specific for Dickeya, Pectobacterium and Brenneria, BLASTP searches were carried out on each protein/ORF from the genome of Dickeya zeae Ech586 (indicated as Dickeya dadantii Ech586 in the NCBI database) ( Table  1) . For proteins bearing high scoring homologues (E values ,1e 220 ) in at least three to four species from the above genera and a number of other bacterial groups, such sequences were retrieved and multiple sequence alignments were reconstructed using CLUSTAL X 2.0 (Larkin et al., 2007) . These alignments were visually inspected for the presence of signature indels (insertions or deletions) that were restricted to Dickeya, Pectobacterium and Brenneria, and which were flanked on both sides by at least five to six conserved residues in the neighbouring 30-40 amino acids. Those indels that were not flanked by conserved regions were excluded as they do not provide useful molecular markers (Gupta, 1998 (Gupta, , 2010 Gao & Gupta, 2012a) . The species distribution of the indels thus identified was further examined by performing BLASTP searches on the NCBI non-redundant database on short sequence segments containing the indels and their flanking conserved regions. We report here the results of only those CSIs which are specific for species of the genera Dickeya, Pectobacterium and Brenneria, and where similar CSIs were absent in other bacteria in the top 250 BLAST hits. For a number of Dickeya species, for which (Pritchard et al., 2013b) . In the present work, we have used the original names of these species/strains, as 'Dickeya solani' is, at the time of writing, not a validly published name. The differences in the names of Dickeya species/strains used in the present work and the corresponding names in the NCBI database are listed in Table S1 , available in the online Supplementary Material.
Identification of signature proteins that are specific for Dickeya, Pectobacterium and Brenneria. These studies were carried out as described in our earlier work (Gao & Gupta, 2007; Gupta & Mok, 2007; Gupta & Mathews, 2010) . Searches using the program BLASTP were carried out on individual proteins in the genomes of D. zeae Ech586 and Pectobacterium wasabiae WPP163. These searches were performed against the NCBI non-redundant database using default parameters and without the low-complexity filter (Altschul et al., 1997) . Proteins of interest were those where either all significant hits were from the members of these genera, or which involved a large increase in E values from the last hit belonging to these genera and the first hit from any other bacteria, and the E values for the latter were .1e 23 (Gao & Gupta, 2007; Gupta & Mok, 2007; Gupta & Mathews, 2010) . However, higher E values can be significant for smaller proteins, and hence the lengths of the query proteins and those of the observed hits were taken into consideration when analysing the results of these studies. For most of the CSPs identified in this work, the lengths of the observed hits were very similar to those of the query proteins. The proteins which were exclusively found only in a single species or strain are not reported here. For all identified signature proteins, their accession numbers, protein lengths and any information regarding cellular functions are presented.
RESULTS

Phylogenetic analysis based upon protein sequences
The evolutionary relationships among members of the genera Dickeya, Pectobacterium and Brenneria has thus far been studied mainly on the basis of either individual or a limited number of gene/protein sequences and have been found to be variable (Samson et al., 2005; Ma et al., 2007; Young & Park, 2007; Parkinson et al., 2009; Naum et al., 2011; Denman et al., 2012) . Sequences of several complete or draft genomes for species/strains belonging to the genera Dickeya, Pectobacterium and Brenneria are now available in the NCBI and EzGenome/EzBiocloud databases (Table  1, Table S1 ) (Glasner et al., 2008 (Glasner et al., , 2011 Koskinen et al., 2012; Nykyri et al., 2012; Pritchard et al., 2013a, b) . These genome sequences provide means to examine the relationship among these genera by reconstructing phylogenetic trees based upon concatenated sequences for multiple proteins. Such trees have proven more reliable in resolving the interrelationships among different taxa (Ciccarelli et al., 2006; Wu et al., 2009; Gao et al., 2009a; Williams et al., 2010; Gao & Gupta, 2012a) . We have reconstructed phylogenetic trees for Dickeya, Pectobacterium and Brenneria species and other genome-sequenced species from the order Enterobacteriales based on concatenated sequences for 23 conserved proteins (see Methods). A bootstrapped ML tree based on these sequences is shown in Fig. 1 . An NJ tree based on the same dataset is provided in Fig. S1 . In both the ML and the NJ trees, the species from the order Enterobacteriales formed a number of distinct clades. One of these well-resolved clades consisted of species belonging to the genera Dickeya, Pectobacterium and Brenneria. This clade was strongly supported by both the NJ and the ML algorithms. Within this clade, species/strains from the genera Dickeya and Pectobacterium also formed distinct clades. For Dickeya, sequence information is now available for a large number of species/strain (see Table 1, Table S1 ) and the different strains of D. dadantii, Dickeya dianthicola, D. chrysanthemi and D. zeae as well as 'Dickeya solani' (namely Dickeya sp. GBBC 2040, Dickeya sp. IPO 2222, Dickeya sp. MK10 and Dickeya sp. MK16) were found to form monophyletic clusters. D. paradisiaca formed the deepest branch among Dickeya species and it was separated from other species by a long branch. Marrero et al. (2013) , on the basis of phylogenetic analysis of partial sequences of the dnaA, dnaJ, dnaX, gybB and recN genes, have proposed that D. dadantii Ech586, D. dadantii Ech703 and D. zeae Ech1591 should be reclassified as D. zeae Ech586, D. paradisiaca Ech703 and D. chrysanthemi Ech1591, respectively. The branching pattern observed in our tree supports their proposed reclassification. In addition to the above relationships, the tree based upon concatenated protein sequences also strongly supported a grouping of Brenneria sp. EniD312 with the Pectobacterium clade. Species from the other phytopathogenic genera, namely Erwinia, Pantoea and Enterobacter, were part of two other clades, which showed no relationship to the Dickeya-PectobacteriumBrenneria clade. This tree provides a phylogenetic framework for the results obtained using other comparative genomic approaches that are described below.
Identification of CSIs that are specific for the genera Dickeya, Pectobacterium and Brenneria
As noted earlier, conserved inserts and deletions (i.e. indels or CSIs) in genes/proteins provide an important category of molecular markers, whose discovery is facilitated by genome sequences, which are proving very useful for systematic and taxonomic studies. The indels that are . ML distance tree for the genome-sequenced Enterobacteriales species based upon concatenated sequences for 23 conserved proteins. Bootstrap scores for different nodes are shown at branch points. The tree was rooted using sequences from Xanthomonadales species (i.e. Xanthomonas and Xylella). Bar, 0.05 changes per position. An NJ tree for this dataset is shown in Fig. S1 .
useful phylogenetic markers are of defined size and are flanked on both sides by conserved regions to ensure that they constitute reliable characteristics (Gupta, 1998 (Gupta, , 2000 Gupta & Griffiths, 2002; Ajawatanawong & Baldauf, 2013) . Because of the highly specific nature of genetic changes that give rise to conserved indels, such changes are less likely to arise independently in different taxa by convergent or parallel evolution (Gupta, 1998; Rokas & Holland, 2000) . Hence, when a CSI of defined size is uniquely found in a phylogenetically defined group(s) of species, the simplest explanation is that the genetic change responsible for it occurred once in a common ancestor of this group that then passed on to various descendants. Furthermore, depending upon the presence or absence of a given CSI in the outgroup species, it can be inferred whether a given indel is an insert or a deletion and based upon this information a rooted relationship among the species can be derived, independently of phylogenetic trees (Gupta, 1998; Griffiths & Gupta, 2004) . Because genetic changes leading to CSIs can occur at various stages in evolution, the CSIs that are specific for taxonomic clades at different phylogenetic depths (phylum, order, family, genus or species) can be identified (Gao & Gupta, 2012b; Bhandari & Gupta, 2013) . Lastly, the shared presence of CSIs in unrelated taxa also provides a means for identifying lateral gene transfer events (Griffiths & Gupta, 2006) .
Detailed investigations on identification of CSIs carried out in this work have identified large numbers of CSIs that are specific for species of the genera Dickeya, Pectobacterium and Brenneria at multiple phylogenetic levels. Ten of these CSIs are uniquely found in all of the sequenced species/ strains of Dickeya and two examples of them are shown in Fig. 2 . In these examples, a 2 aa insert in the enzyme adenosine deaminase (Fig. 2a) and a 2 aa deletion in the multidrug resistance protein MdtA (Fig. 2b) are specifically found in all sequenced Dickeya species/strains, but they are not present in the homologues from any other bacteria, including Pectobacterium and Brenneria. Both these CSIs are located within conserved regions of the proteins, indicating that they constitute reliable molecular markers. Information for eight other CSIs in different proteins, which are also specific for the genus Dickeya, is summarized in Table 2 and their sequences are presented in Figs S2-S9. Note that our initial analysis, which identified these CSIs, was based only on a limited number of Dickeya species, for which complete genomes were available in the NCBI database (Table 1 ). The presence of these CSIs in the draft genomes of other Dickeya species (listed in Table S1 ) was examined during revision of the manuscript. The presence of these CSIs in all of the other sequenced Dickeya species strongly indicates that they provide useful molecular markers, with predictive ability, for identification of members of the genus Dickeya.
Similar to Dickeya, our work has identified six CSIs that are uniquely shared by all of the sequenced species/strains from the genus Pectobacterium. Two examples of these CSIs each involving independent 5 aa inserts in the glycine cleavage system T protein and the urea amidolyase related protein are shown in Fig. 3 . Both these CSIs, which are present in conserved regions, are specific for the genus Pectobacterium and they are not found in the homologues from any other bacteria, including those from the genera Dickeya and Brenneria. Two other CSIs in the proteins glycerol-3-phosphate dehydrogenase subunit A and sigma E regulatory protein MucB/RseB (Figs S10 and S11) are also specifically present in all of the sequenced species/strains of Pectobacterium. For two additional CSIs, in the proteins RecJ and phosphoribosyl-formyl-glycinamidine synthase (Figs S12 and S13), which are also specific for Pectobacterium, homologues were not detected in Pectobacterium atrosepticum SCRI1043, which is the only species of the genus Pectobacterium that is restricted to a single host (potato) (Ma et al., 2007) . Some characteristics of the CSIs that are specific for the genus Pectobacterium are summarized in Table 3 .
In the phylogenetic tree based upon concatenated protein sequences, Brenneria sp. EniD312 was found to form an outgroup of the Pectobacterium clade and this branching was statistically strongly supported (100 % bootstrap score). Three CSIs identified in this work independently support that the genera Brenneria (i.e. Brenneria sp. EniD312) and Pectobacterium shared a common ancestor exclusive of the genus Dickeya. One CSI depicting this relationship is presented in Fig. 4 . In the periplasmic serine protease DegS, a 7 aa insert in a conserved region is commonly shared by species of the genera Brenneria and Pectobacterium, but it is absent in species of the genus Dickeya and other bacteria. Two other CSIs that are also specific for species from the genera Brenneria and Pectobacterium are found in the proteins 6, 7-dimethyl-8-ribityllumazin synthase and GCN5-like N-acetyltransferase (Figs S14 and S15). The main characteristics of these CSIs are also summarized in Table 3 .
Our analyses have also identified 10 CSIs that in most cases are specifically shared by all of the sequenced species from these three genera. Two examples of these CSIs, which are found in the proteins phosphoglycerate mutase and seryl-tRNA synthetase, are shown in Fig. 5 . The sequence information for other CSIs that are commonly shared by species from these genera is provided in Figs S16-S23 and some of their characteristics are summarized in Table 4 . These CSIs provide strong evidence that species from these three genera shared a common ancestor exclusive of other bacteria.
Identification of CSPs that are specific for members of the genera Dickeya, Pectobacterium and Brenneria CSPs, which are uniquely found in particular groups of organisms, provide another important category of molecular markers that are useful for systematic and evolutionary studies (Lerat et al., 2005; Gao & Gupta, 2007 Gao & Gupta, 2012b). Because of their unique shared presence by species from specific clades, the genes for these proteins probably first originated in the common ancestors of these groups and were then retained by all their descendants. Hence, these genes/proteins represent another distinct type of synapomorphic characters that are useful for identifying different groups of organisms in molecular terms and for understanding evolutionary relationships (Dutilh et al., 2008; Gupta & Mathews, 2010; Gupta & Gao, 2010; Gao & Gupta, 2012b) . The work on identification of CSPs, which was carried out as described in Methods, has identified five CSPs that are uniquely found in different sequenced members of the genera Dickeya, Pectobacterium and Brenneria, providing molecular markers for this group of phytopathogenic bacteria (Table 5 ). In addition, these studies have identified six CSPs whose homologues are uniquely found in all sequenced Dickeya species (Table 6) . Eleven other CSPs are also specific for members of the genus Dickeya, except that their homologues were not detected in the deeper branching D. paradisiaca (Table 6 ). It is possible that the genes for these CSPs first originated in a common ancestor of the other Dickeya species after the divergence of D. paradisiaca. Lastly, 19 CSPs identified in this work are specific for members of the genus Pectobacterium, providing molecular markers for this genus (Table 7) . Some characteristics of these proteins are listed in Tables 5-7 . Most of these Dickeya-and Pectobacteriumspecific proteins are annotated as hypothetical and their cellular functions are not known.
DISCUSSION
Members of the genera Dickeya, Pectobacterium and Brenneria are important plant pathogens that are currently distinguished primarily on the basis of their branching in phylogenetic trees (Hauben et al., 2005; Samson et al., 2005; Naum et al., 2008 Naum et al., , 2011 . We have used comparative genomic approaches to examine their evolutionary relationships and to identify molecular markers that are specific for these bacteria. Information from available genomes was initially used to reconstruct phylogenetic trees for different species/strains of Dickeya, Pectobacterium and Brenneria as well as other Enterobacteriales based upon concatenated sequences of 23 conserved proteins. To date, this is the largest dataset used to examine the evolutionary relationship among these bacteria. In the resulting trees, species from these three genera formed a strongly Fig. 2 . Excerpts from the sequence alignments of adenosine deaminase (a) and multidrug resistance protein MdtA (b) showing two CSIs (boxed) that are commonly shared by all detected species/strains of the genus Dickeya. The dashes (-) in these as well as all other alignments indicate identity with the amino acid on the top line. The numbers on the top line represent the region of protein containing CSIs. The second column indicates GenBank identification numbers for the sequences. For the species, whose annotated genomes were not available (see Table S1 ), the numbers shown are for the contigs where these sequences are present. Due to space considerations, sequence information is shown for only a limited number of other bacteria. However, unless otherwise noted, all of the reported CSIs are specific for the indicated groups and similar CSIs were not observed in the top 250 BLASTP hits with the query sequences. Information for other Dickeya-specific CSIs is provided in Table 2 Fig. 3 . Excerpts from the sequence alignments of alycine cleavage system T protein (a) and urea amidolyase-like protein (b), each containing 5 aa inserts that are uniquely found in various sequenced species/strains of the genus Pectobacterium but not found in other bacteria. The information for other CSIs that are also specific for this genus is presented in Table 3 and Figs S10-S13. Fig. 4 . Partial sequence alignments of the periplasmic serine protease (DegS) protein showing a 7 aa insert that is commonly shared between members of the genus Pectobacterium and Brenneria sp. EniD312. Information for two other CSIs exhibiting similar specificities is provided in Figs S14 and S15. Table 4 and Figs S16-S23.
supported monophyletic clade within the order Enterobacteriales. Within the clade comprising these three genera, species/strains from the genera Dickeya and Pectobacterium also formed distinct monophyletic clades with Brenneria sp. EniD312 forming an outgroup of the Pectobacterium clade. Within the genus Dickeya, following the recently proposed name changes by Marrero et al. (2013) , different strains of various Dickeya species also formed monophyletic groupings, thus supporting the proposed reclassification.
However, the main objective of this work was to identify molecular markers that are specific for the genera Dickeya, Pectobacterium and Brenneria. Accordingly, this work has identified numerous molecular markers comprising CSIs and CSPs that either are specific for the sequenced members of these three genera or are uniquely shared by some or all of them. A summary of the species specificity of the discovered markers is provided in Fig. 6 . Of these molecular signatures, six CSIs and five CSPs are uniquely shared by all sequenced species from these three genera. Four additional CSIs are also largely specific for these three genera, except that they are missing in one of the species or present in an isolated species from some other taxa. The unique shared presence of these molecular markers by species from these three genera provides strong evidence that they shared a common ancestor exclusive of other bacteria and that they form a distinct subgroup within the order Enterobacteriales. In addition, 10 CSIs and 17 CSPs discovered during this work were found to be distinctive characteristics of members of the genus Dickeya. Several of these CSPs, which are lacking in D. paradisiaca, support the deeper branching of this species in comparison with the other Dickeya species. Additionally, six CSIs and 19 CSPs are uniquely found in all (or most) Pectobacterium species/ strains. These molecular signatures provide novel means for identification of species from these groups and for demarcation of these genera in molecular terms. Additionally, this work has also identified three CSIs and one CSP that are uniquely shared by members of the genus Pectobacterium and Brenneria sp. EniD312. These results provide evidence that Pectobacterium and Brenneria sp. EniD312 shared a common ancestor exclusive of the genus Dickeya. This inference is also supported by the branching of these species in the concatenated protein tree (Fig. 1) . However, the inference that Brenneria is more closely related to Pectobacterium is based only on Brenneria sp. EniD312 and it remains to be determined whether other Brenneria species also behaved similarly.
In addition to their usefulness for the classification (demarcation) of these genera and for clarifying their evolutionary relationships, the discovered molecular markers also provide novel means for the identification of these bacteria. In addition to their specificity for these taxa, these markers possess a high degree of predictive ability that they Molecular signatures for Dickeya and Pectobacterium will also be be found in other members of these groups. This is illustrated by the fact that our initial analysis, which identified these CSIs, was based upon sequence information for only four Dickeya species/strains, whose complete genomes were available in the NCBI database (Table 1) . The presence of these CSIs in the draft genomes of various other Dickeya species/strains (listed in Table S1 ) was examined only during revision of this manuscript. The fact that all of these CSIs and CSPs are also present in all or most of the other Dickeya species provides strong evidence that these molecular markers constitute distinctive characteristics of members of the genus Dickeya and that they will probably also be found in other species/strains (both known as well as unknown) that are part of this genus.
Members of these three genera are responsible for a broad range of diseases in economically important plants (Hauben et al., 2005; Samson et al., 2005; Charkowski, 2006; Ma et al., 2007; Yishay et al., 2008; Czajkowski et al., 2011; Toth et al., 2011; Costechareyre et al., 2012) . Hence, there is a need for developing more rapid, sensitive and specific methods for their identification (Diallo et al., 2009; Van Vaerenbergh et al., 2012) . Given their specificity and predictive ability for members of these genera, the molecular markers described here are of great interest in this regard. The primary sequences of the genes/proteins containing many of the described CSIs or CSPs, which are specific for these genera, exhibit high degrees of sequence conservation. Hence, PCR and other molecular probes based upon their gene sequences (including sequence regions flanking the CSIs) should provide novel means for the development of sensitive and specific methods for the identification of both known as well as novel members of these genera in different settings (Gao & Gupta, 2005; Ahmod et al., 2011) .
The cellular functions of the CSIs and CSPs that are specific for these plant-pathogenic genera are presently not known. However, due to the specific presence of these molecular characteristics in members of these genera, the discovered characteristics are expected to play important roles in these bacteria. Our recent work on several CSIs in the Hsp60 (GroEL) and Hsp70 (DnaK) proteins provides evidence that the CSIs such as those identified here are essential for the groups of bacteria where they are found (Singh & Gupta, 2009) . Likewise, the CSPs that are limited to a given group of bacteria are also postulated to perform essential functions in the particular groups of bacteria (Fang et al., 2005; Narra et al., 2008; Gao et al., 2009b; Lorenzini et al., 2010) . Hence, further studies on understanding the cellular functions of these CSIs and CSPs could lead to the discovery of novel biochemical properties that are specific for these plant-pathogenic bacteria. Furthermore, the conserved indels in protein sequences provide possible means for development of antibacterial agents that can specifically target these groups of plant pathogens (Nandan et al., 2007; Naushad & Gupta, 2013) .
Taxonomic implications
At present, no biochemical or molecular marker is known that is specific for members of the genera Dickeya, Pectobacterium and Brenneria. This work describes large numbers of molecular markers that are specific for members of these genera or those that are commonly shared by species from these three genera. The markers that are specific for Dickeya or Pectobacterium provide novel and more definitive means for demarcation of these taxa in molecular terms. Additionally, the markers identified in this work also provide strong evidence that members of the genera Dickeya, Pectobacterium and Brenneria form a distinct clade within the order Enterobacteriales and that this clade should eventually be recognized as a new family-level taxon ('Pectobacteriaceae') within this order. The above three genera are presently part of the family Enterobacteriaceae, which is the sole family within the order Enterobacteriales (Euzéby, 2013). In phylogenetic trees, members of the order Enterobacteriales form a number of distinct groups (Gao et al., 2009a; Williams et al., 2010) (Fig. 1) . Hence, a formal proposal to place the genera Dickeya, Pectobacterium and Brenneria into a new family cannot be made until more reliable means to divide the order Enterobacteriales into a number of distinct families are identified. Nonetheless, based upon the identified signatures, the descriptions of the genera Dickeya and Pectobacterium are emended to include information for the molecular signatures.
Emended description of the genus Dickeya Samson et al., 2005
The morphological and phenotypic characteristics of this genus remain as described by Samson et al. (2005 (Samson et al., 2005) . Members of this genus can be distinguished from other bacteria based on CSIs in the following proteins: adenosine deaminase, multidrug resistance protein MdtA, AMP-dependent synthetase and ligase, 4-amino-4-deoxy-L-arabinose transferase, HAD-superfamily hydrolase, hypothetical protein Dd1591-2304, electron transport complex RnfABCDGE type (C subunit), molybdenum cofactor synthesis domain-containing protein, 2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate synthase and b-D-galactosidase. In addition, the genes for the following CSPs whose GenBank identification numbers are noted here (namely 271498998, 271499128, 271500045, 271500280, 271500318, 271500338, 271500344, 271500861, 271500908, 271500947, 271501066, 271501318, 271501344, 271501895, 271501970, 271501974 and 271502040) are also uniquely found in the sequenced members of the genus Dickeya. However, as noted in Table 5 , the homologues of some of these CSPs are not detected in the deep branching D. paradisiaca. Waldee 1945 (Approved Lists 1980 , emend. Hauben et al. 1998 The phenotypic characteristics of this genus remain as described by Waldee (1945) and Hauben et al. (1998 Hauben et al. ( , 2005 . Cells are Gram-negative rods which are 0.5-1.06 1.0-3.0 mm with rounded ends. They occur mostly alone or in pairs, but chains occur as well. Cells are usually motile by means of peritrichous flagella. Strains are catalasepositive and oxidase-negative. They are facultative anaerobes and use fermentative metabolism to grow on a variety of simple sugars and amino acids as described by Hauben et al. (1998) . Strains do not possess tryptophan deaminase or urease and hydrolyse aesculin but not starch. They produce acid from N-acetylglucosamine as well as a number of other simple sugars. Members of this genus (except Pectobacterium cypripedii) possess pectolytic enzymes and cause soft rots, necroses and wilts on food crops and ornamental plants. Members of this genus, whose type species is Pectobacterium carotovorum (Jones, 1901) , Waldee 1945 (Approved Lists 1980 (Jones, 1901; Waldee, 1945; Skerman et al., 1980; Hauben et al., 1998) , can be distinguished from other bacteria by CSIs in the following proteins: glycine cleavage system T protein, urea amidolyase related protein, glycerol-3-phosphate dehydrogenase subunit A, sigma E regulatory protein, MucB/RseB, single-stranded-DNA-specific exonuclease RecJ and phosphoribosyl-formyl-glycinamidine synthase. In addition, the genes for the following CSPs whose GenBank identification numbers are noted here (namely 261819969, 261819985, 261820011, 261820013, 261820092, 261820379, 261820409, 261820736, 261820883, 261822375, 261821938, 261822204, 261822260, 261822823, 261823002, 261823053, 261819936, 261820007 and 261821006) are also uniquely found in the sequenced Pectobacterium species.
Emended description of the genus
Pectobacterium
